I. INTRODUCTION
The linear bicharacteristic scheme (LBS) was originally developed to improve unsteady solutions in computational acoustics and aeroacoustics [1] - [7] . The LBS has previously been extended to treat lossy materials for one-dimensional problems IS]. It is a classical leapfrog algorithm, but is combined with upwind bias in the spatial derivatives. This approach preserves the time-reversibility of the leapfrog algorithm, which results in no dissipation, and it permits more flexibility by the ability to adopt a characteristic based method. The use of characteristic variables allows the LBS to include the Perfectly Matched Layer boundary condition with no added storage or complexity. The LBS offers a central storage approach with lower dispersion than the Yee algorithm, plus it generalizes much easier to nonuniform grids. It has previously been applied to two and three-dimensional freespace electromagnetic propagation and scattering problems [ 3 ] , [ 6 ] , 171. This paper extends the LBS to the two-dimensional case. Results are presented for point source radiation problems, and the FDTD algorithm is chosen as a convenient reference for comparison.
TWO-DIMENSIONAL IMPLEMENTATION
Maxwell's equations in bicharacteristic form for linear, homogeneous and lossy media in the two- can be rewritten more concisely as where a = U / € + a * / p and b = a / € -a * / p To develop the discretized algorithm for a twodimensional system, the stencils of Figure 1 are proposed for the 2D LBS. The upwind bias nature of these stencils is clearly evident. We discretize time and space as t = nAt, z = iAs. y = jay, and we also know that H , = c ( R -S ) / 2 and H, = c(Q -P)/2. Using the stencils shown in Figure 1 , the resulting finite difference equations for (3)<6) are where Pp, denotes the value for P at grid point ( i , j ) and time level n and ur = cAt/Az, uar = cAt/Ay 'are the 2 and y Courant numbers. Note that the differences are taken with respect to the cell center, i.e. the coordinate ( i , j ) is located at the center of the cell. The procedure for the TE polarization is similar, except the characteristic variables are defined by P = D , + f H,, (1)- (2) with U = U' = 01, it can be shown using a complex coordinate transformation PML approach that the resulting equations are identical to (3)-(6). A full derivation of these equations is outlined in [9] . Thus, the LBS automatically implements the PML when combined with the standard PML conductivity profiles: linear, quadratic or geometric [IO] . The optimal Courant number for the LBS is 1/2. This Courant number offers much lower dispersion for most all propagation angles except those near a 45" vector. For Y < 1/2, numerical dispersion decreases as both grid resolution and Courant number are increased. Typically, LBS dispersion is at least 112 that of FDTD, and can be much lower in many instances.
IV. NUMERICAL RESULTS
To demonstrate the 2D LBS, we consider various canonical problems. First, we inject an incoming plane wave on the outer boundaries using the LBS, and let the algorithm propagate the signal through the grid using a total field formulation. This is done by specifying the incoming characteristic variable ( P , &. R or 5' ) on the appropriate outer boundary. For example, on the left z boundary, P is specified for all j coordinates at i = 1.
We use a 71 x 71 free space grid, with a A z = Ay = 1 cm, which has a time step of At = 16.67 ps and the incident wave is a Gaussian pulse with FWHM of 35 time steps (or 0.58 ns). We specify the incidence angle as 180'. and the electric field after 160 time steps is shown in Figure 4 . Similar results can he obtained with other incidence angles. It is clear Next we move on to radiation from a point source in free space. This problem demonstrates that the algorithm can easily treat spherical waves and it also tests the PML bound- size 101 x 101 cells with an additional 10 cell PML boundary condition. This grid is centered a large 501 501 grid, and the point source is located at the center of both computational grids. The time step is 3.3 ps, and an electric field point source is located at the center o f both grids and the total number of time steps is truncated at 512, to allow no reflection from the large grid outer boundaries to reach the field sampling points. The inner grid is terminated with PML for both FDTD and the LBS, and the large grid is terminated with a second-order Liao boundary condition for FDTD and a characteristic based boundary condition for the LBS. The electnc field is sampled at the same two locations in both grids, which are located 30 cells in the +z direction from the point source and then i30 cells in the y direction in the smaller grid. The point source is located in the smaller grid at grid point (61,Gl) and the two sample points are (61,91) and (61,31). Figure 5 shows the electric field at the upper sample point (61,91) in the smaller test grid (with PML) for point source radiation in free space. Note the agreement is excellent, and there are no reflections from the outer boundary due to the PML boundary condition. Similar results were observed at the lower sample point (61,31). Next, we simulate the same point source radiation problem, but turn off the PML boundary condition and instead use the characteristic boundary condition, Figure 6 shows the results using for the LBS with and without the PML boundary condition. Note the reflections from the outer boundary are clearly visible for the no PML case. 
V. CONCLUSIONS
This paper has extended the Linear Bicharacteristic Scheme for computational electromagnetics to the two-dimensional case. It was demonstrated that the LBS has several distinct advantages over conventional FDTD algorithms. First, the LBS typically has much lower dispersion than the FDTD method. The LBS can also be made to have zero dispersion error in certain instances. Second, the LBS provides the PML boundary condition as part of the fundamental scheme, and does not require additional storage or computational complexity for the PML. Finally, the upwind biasing provides a more flexible generalization to unstructured grids, and for subgrid implementations. The two-dimensional LBS can easily treat dielectric and magnetic materials, and a dielectric surface boundary condition was implemented in a separate report [9]. However, validation of the 2D LBS for dielectric and magnetic materials was not explored in the present work and should be the subject of future articles. The LBS appears to be a very promising alternative to a conventional FDTD algorithm for many applications. Higher order schemes are available for the 2D case [5]. Additional research and development is required to explore the full potential of this new technique. 
